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INTRODUCTION
The discovery of the parathyroid Ca ] o ) can act as a first messenger for regulation of diverse cellular processes, including regulating the secretion of parathyroid hormone (PTH) and modulating calcium reabsorption by the kidney, in addition to its well-known role as a second messenger (1, 2) . Extracellular divalent cations, particularly [Ca 2+ ] o and magnesium ([Mg 2+ ] o ), along with amino acids and neurotransmitters, regulate numerous cellular processes via CaSR and 14 other family C G protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptors (cGPCRs), including metabotropic glutamate (mGluR) and g-aminobutyric acid type B (GABA B ) receptors (3) (4) (5) (6) (7) . Small ] o homeostasis by stimulating phospholipase C to generate inositol 1,4,5-trisphosphate, which triggers release of calcium from its intracellular calcium stores to increase the intracellular free calcium concentration ([Ca 2+ ] i ) and activate [Ca 2+ ] i signaling (9) (10) (11) , which, in turn, inhibits PTH release, stimulates calcitonin secretion, and promotes renal Ca 2+ excretion (12) (13) (14) (15) . L-Amino acids, especially those with aromatic side chains, potentiate high [Ca 2+ ] o -elicited activation of CaSR via positive heterotropic functional cooperativity (5) . Like other cGPCRs, CaSR functions as a dimer (16) (17) (18) , with a long (~600 amino acids) N-terminal extracellular domain (ECD) playing an important role in the receptor's cooperative responses to its agonists (7) . More than 400 mutations in CaSR cause human disorders with abnormal [Ca 2+ ] o and [Mg 2+ ] o homeostasis, including familial hypocalciuric hypercalcemia (FHH), neonatal severe hyperparathyroidism (NSHPT), and autosomal dominant hypocalcemia (ADH); 225 of the mutations map to the ECD, highlighting its critical role (19) . To clarify the mechanism for cooperative activation of CaSR by [Ca 2+ ] o , [Mg 2+ ] o , and amino acids, we solved the first crystal structure of human CaSR-ECD bound with Mg 2+ ions. Unexpectedly, a high-affinity tryptophan derivative was found in the crystal structure of CaSR. Further identification and characterization of the CaSR ligand (CaSRL) suggest that it plays a role in potentiating the function of CaSR.
RESULTS AND DISCUSSION
The Venus flytrap domain of human CaSR ECD (hCaSR-ECD; residues 20 to 541) expressed in human embryonic kidney (HEK) 293S (GnTI) cells was crystallized in the presence of 200 mM Mg 2+ and 10 mM Ca 2+ . The structure was solved by molecular replacement using the structure of mGluR2 [Protein Data Bank (PDB) ID: 4XAQ] as the search template ( Fig. 1A and table S1 ). hCaSR-ECD contains two globular lobes with an overall structure similar to other cGPCR family members, despite a low sequence similarity between these cGPCR family members (20 to 30%) ( fig. S1 ) (20) . Both the large lobe (subdomain 1) and the small lobe (subdomain 2) are typical a/b folds where the central parallel b strands are sandwiched by a helices. hCaSR-ECD forms a homodimer in solution ( fig. S2 ) and in the crystal structure, with both protomers in a closed conformation (Fig. 1B ) similar to the equivalent closed conformation of mGluR1 bound with glutamate [root mean square deviation of 1.24 Å for C (Fig. 1C) ]. In addition, the direct and extensive homodimeric subdomain 2 interactions in hCaSR-ECD are analogous to those observed in the mGluR2 dimer with a bound agonist (PDB ID: 4XAQ), strongly suggesting that hCaSR-ECD crystal structure represents an active conformation ( fig. S3) ] o from 0.5 to 1.5 mM results in a reduction of the median effective concentration (EC 50 ) of [Mg 2+ ] o from 7.2 ± 0.4 to 4.5 ± 0.3 mM for stimulation of [Ca 2+ ] i signaling. These results suggest that there is an additive effect of both Ca 2+ and Mg 2+ and that they share a similar activation mechanism ( Fig. 2A, fig. S5 , and table S2) (22, 23 , as well as two water molecules. An equivalent cation binding site has been observed in mGluR (20) and likely plays a structural role. To locate additional high off-rate metal binding sites, we generated Gd 3+ -derived crystals and identified another metal binding site (site 3) on the acidic patch in proximity to the subdomain 2 dimerization interface (Fig. 2C) -evoked intracellular Ca 2+ mobilization. These results suggest the critical role of these metal binding sites on the acidic patch in both metal sensing (24) and regulation of CaSR function (Fig. 2G , figs. S7 and S9, and tables S3 and S4).
Unexpectedly, an elongated planar electron density was observed in the hinge region between the two subdomains where orthosteric ligand binding is thought to occur (Fig. 3A) . No naturally occurring CaSRLs or reagents that were used in sample preparation and crystallization or any currently known CaSRLs fit the density well, suggesting a novel CaSRL. High-resolution liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) of the purified protein preparation (Fig.  3B ) identified a species that was eluted at~4.65 min with a mass/charge ratio (m/z) of 215.0824 in negative-ion mode. The predicted elemental formula based on the observed mass corresponds to C 12 H 11 N 2 O 2 (calculated mass, 215.0821; mass accuracy, 1.4 ppm) (Fig. 3B and  fig. S8 ). A search of PubChem identified a tryptophan derivative, L-1,2,3,4-tetrahydronorharman-3-carboxylic acid (TNCA) with the predicted molecular weight (M r ) and shape of the observed density. When compared to tryptophan, TNCA contains one extra carbon atom linking the amine nitrogen atom and the C2 atom of the indole ring. TNCA can be detected in various food and biological systems and is likely produced by tryptophan reacting with formaldehyde in humans (25) , and is perhaps generated during production of the recombinant protein in HEK cells. Elution time, molecular weight, and MS fragmentation of synthetic TNCA matched those of the CaSRL, confirming the identity of the compound as TNCA (Fig. 3B and fig. S8 ). The ligand will be referred to hereafter as TNCA.
TNCA is a strong co-agonist with [Mg 2+ ] o in activating [Ca 2+ ] i oscillations and ERK1/2 phosphorylation (Fig. 3, D ] i signaling in both wild-type and mutant CaSRs (Fig. 3, F and G) , with an apparent EC 50 of ≤2 mM (Fig. 3H) . The apparent EC 50 of TNCA was indirectly determined through the EC 50 change of [Mg 2+ ] o when incubated with different concentrations of TNCA (Fig.3, F to H ). As a result, the size of the ligand binding pocket of hCaSR is significantly larger than that of mGluR1, consistent with the preference of CaSR for larger ligands. Unlike Trp, TNCA is in a fixed and presumably preferred conformation, accounting for the higher binding affinity compared to Trp.
Mapping of disease-associated mutations on the structure of hCaSR-ECD shows that the mutations are clustered in two regions: the hinge region between subdomains 1 and 2 and the dimerization interface ( fig. S12) (26, 27) . Indeed, our structural and functional data strongly support the pivotal roles of these two regions in CaSR function. The hinge region between subdomains 1 and 2 harbors the binding site of TNCA, supporting its role as a co-agonist of CaSR. Two other co-agonists of CaSR, Phe and Trp, likely bind in the same position ( fig. S10 ). We did not observe metal binding at the previously proposed site 1 for Ca 2+ (6, 24, 28) . A close inspection of the structure reveals that the side chain of E 297 , a critical residue predicted for Ca , probably due to the extra carbon atom and the rigid structure of TNCA, ultimately resulting in its failure to capture the Ca 2+ ion in combination with other site 1 residues (fig. S13). Nevertheless, the essential role of E 297 in Ca 2+ sensing has been supported by previous mutational studies (7, 24) and in the abrogated Mg 2+ sensing of the E297I mutant (tables S3 and S4). A bicarbonate anion was also identified in the hinge region in proximity with TNCA, coordinated by the side chains of R 66 , R 69 , W 70 , and S 417 and the backbone amide nitrogen atoms of I 416 and S 417 (figs. S11 and S14), potentially contributing to the known pH sensitivity of the CaSR (29) .
Several lines of evidence indicate a critical role of CaSR-ECD dimerization in CaSR function (Figs. 1 and 4) . First, two metal binding sites (site 1 and site 3) are identified within the acidic patch at the dimerization interface of subdomain 2 ( Fig. 2 and fig. S7 ). A double mutant of CaSR (E228I/E229I) in site 3 showed a significantly decreased responsiveness to [Ca 2+ ] o , and the E228I mutation also reduced activation of [Ca 2+ ] i oscillations induced by [Mg 2+ ] o as well as reduced Mg 2+ binding, despite a similar level of membrane expression as wild-type CaSR (Fig.  2, fig. S9 , and tables S3 and S4) (6) . These data strongly suggest a role of metal binding at the acidic patch in metal sensing and signal transduction. Second, two loops that mediate subdomain 1 dimerization (loop 1 and loop 2; Fig. 1 ) are functionally important (Fig. 4A) . Loop 2, following a2, is largely disordered in mGluR structures but is known to participate in two intermolecular disulfide bonds in CaSR through two conserved cysteine residues (C 129 and C 131 ) (17, 30) (Fig. 4B ). The N-terminal part of loop 2 forms a short a helix (a2a) extended from a2 with a kink at N 118 . The a2a segments from each protomer embrace each other, likely stabilizing dimerization (Fig. 4A) . Because several activating ADH mutations (L125P/F, E127G/A/K, C129Y/F/S/R, and N118K) and one inactivating FHH mutation are present on loop 2, subdomain 1 dimerization that is facilitated by loop 2 appears to be crucial in regulating the function of CaSR. Moreover, the highly conserved loop 1, which is significantly longer than the corresponding loop in mGluRs ( fig. S15) , reaches across the dimerization interface to a hydrophobic surface on a13*. The hydrophobic interaction, primarily mediated by P 55 , L
51
, and W 458 *, stabilizes an extended conformation of loop 1, and a conserved positively charged patch also appears to contribute to dimerization of subdomain 1 (Fig. 4A) . Notably, mutation of P 55 causes FHH, indicative of a critical role of loop 1. S15) . Dimerization of subdomain 2 is also critical for the activation of mGluRs and GABA B receptors (31, 32 ) and therefore appears to be a common activation mechanism among cGPCRs that presumably leads to conformational changes of the transmembrane domain, through which the intracellular signal cascades are initiated. Thus, our proposed model, which is based on structural and associated biochemical and cellular studies on wild-type and mutant proteins, reveals the structural basis of agonist/co-agonist binding to CaSR and provides a framework for further studies on the mechanism of receptor activation. The discovery of an unexpected tryptophan derivative ligand (TNCA) with unusually high affinity, which potentiates the activation of CaSR by [Ca 2+ ] o and [Mg 2+ ] o , also opens new avenues for the development of agonists and antagonists as therapeutics for CaSRrelated diseases (33) .
CONCLUSION
We report here the first crystal structure of the ECD of human CaSR bound with Mg 2+ and a tryptophan derivative ligand at 2.1 Å. The structure reveals important determinants for cooperative activation of the CaSR by metal ions and aromatic amino acids, including key residues in the ECD participating in Mg 2+ and amino acid binding. In addition, extensive interactions between the disulfide-linked dimeric ECDs and their respective subdomains that produce a closed and likely active conformation of the Venus flytrap motifs of the two ECDs are present. The unexpected tryptophan derivative that was bound in the hinge region between two ECD subdomains represents a novel high-affinity co-agonist of CaSR that potentiates activation of the full-length CaSR expressed in HEK293 cells by Ca 2+ and Mg
2+
. Our dissection, by mutagenesis, biochemical, and functional studies, of structure function relations provides insights into the molecular basis of human diseases arising from CaSR mutations. Finally, these data also provide a novel paradigm for understanding the mechanism of CaSR-mediated signaling that is likely shared by the other members of the family C GPCRs and can facilitate the identification and development of novel CaSR-based therapeutics.
MATERIALS AND METHODS
Purification of hCaSR-ECD secreted from HEK293S GnTI cells hCaSR-ECD (from residues Tyr 20 to Phe 612 ) ( fig. S1 ) was expressed in suspension culture of HEK293S GnTI cells and purified from the culture medium by Ni 2+ -nitrilotriacetic acid (NTA) chromatography, as previously described (34) . To deglycosylate the purified protein, hCaSR-ECD was incubated with recombinant endoglycosidase F1 (Endo F1) at a 1:100 mass ratio of Endo F1 to hCaSR-ECD (35) overnight at 4°C in 10 mM tris buffer (pH 7.4). Further separation of hCaSR-ECD from Endo F1 was achieved by size exclusion chromatography (SEC) in 10 mM Hepes buffer (pH 7.3). hCaSR-ECD forms a homodimer, as determined by the elution volume observed in SEC. The electrophoretic mobility in reducing/nonreducing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) indicates that intermolecular disulfide bonds contribute to dimerization ( fig. S2 ).
Crystallization, data collection, and structure determination The dimeric hCaSR-ECD was concentrated to 10 mg/ml and crystallized in 10% polyethylene glycol (PEG)-8000, 200 mM MgCl 2 , 10 mM CaCl 2 , and 100 mM tris-HCl (pH 7.0), using the sitting drop approach at 21°C. No crystals were formed in the absence of Ca 2+ or Mg
2+
. The plate-shaped crystals were cryoprotected using 25% glycerol and were flash-frozen in liquid nitrogen. Dehydration by soaking the crystal in 12% PEG-8000 overnight improved the resolution from 3.5-4 to 2-3 Å. The diffraction data of the crystals were collected on the beamline of 21-ID-D at LS-CAT (Life Sciences Collaborative Access Team) in APS (Argonne Photon Source) and indexed, integrated, and scaled in HKL2000 (36) . The structure was solved at 2.1 Å by molecular replacement using Auto-MR (automated molecular replacement) in PHENIX (37). The structure of chain A of mGluR2 with a bound agonist (PDB ID: 4XAQ) was used as the search template (21) . The electron density map after molecular replacement was clear enough to identify the unique features of hCaSR-ECD, and iterative model building and refinement were performed using COOT (38) and Refmac5 in the CCP4 (39) suite, respectively. The restraints of TNCA (CaSRL) were generated by JLigand in COOT.
To generate the Gd 3+ derivative, the native crystals were soaked with a solution containing 12% PEG-8000, 200 mM MgCl 2 , 10 mM CaCl 2 , 100 mM tris-HCl (pH 7.0), and 0.5 mM GdCl 3 overnight at 21°C. The anomalous signals of a data set at 2.7 Å collected at the wavelength of 1.6985 Å were used to locate Gd 3+ in the structure. The structure was solved by molecular replacement using the previously determined structure as the search template. All the figures of protein structures were generated by PyMOL version 1.3 (Schrodinger LLC).
Using local geometric restraints and electron density intensity as major criteria, Mg 2+ bound at site 1 and site 2 ( . Mutations such as Y218K and D275I resulted in diminished intracellular calcium responses using both the cell population and singlecell calcium imaging assays, although these mutations retained their surface expression (fig. S16B) . Alternatively, it may be a highly ordered water molecule trapped in the hinge region because the distances to the coordinating oxygen atoms (2.5 to 2.8 Å) were significantly greater than typically observed Mg-O distance in biomolecules (2.1 Å) (40) . Nevertheless, the low occupancy of Mg 2+ due to its weak affinity may also cause a distorted geometry. At this stage, we have placed a water molecule in the model; however, given the importance of the hinge region in CaSR function and regulation, more functional and structural studies are warranted to further investigate the potential Mg 2+ binding site identified here.
High-resolution LC-ESI-MS and identification of TNCA
As shown in Fig. 3A , there was an unidentified ligand (CaSRL) bound at the putative orthosteric ligand binding site of CaSR-ECD. We examined the known CaSRLs, including phenylalanine, tryptophan, glutathione, and polyamines, as well as the reagents used in sample preparation and crystallization, but none of them fit the density well. Among these initial trials, tryptophan appeared to be the best fit to the electron density of the unknown ligand, but an additional density was unaccounted for when tryptophan was used to fit the electron density. The size of the density suggested that the CaSRL contained 14 to 18 heavy atoms (C/N/O/S/P), and the absence of anomalous signal indicated that it did not contain sulfur or phosphate. Accordingly, the M r of CaSRL must be within the range of~180 to 250 daltons.
Considering that the CaSRL was tightly bound with hCaSR-ECD, it was conceivable that hCaSR-ECD had to be denatured to release CaSRL. To extract CaSRL, 50 ml of purified hCaSR-ECD (10 mg/ml) was mixed with 120 ml of acetonitrile and was vortexed. After highspeed centrifugation, 10 ml of the CaSRL extract was injected onto a reverse-phase ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 1.7-mm particle size; Waters). Column temperature was maintained at 40°C. The flow rate was 0.3 ml/min with starting conditions at 99% solvent A (water + 0.1% formic acid) and 1% solvent B (acetonitrile). The 15-min gradient profile for elution was as follows: starting at 1% solvent B, hold for 1 min, then ramp to 98% B at 10 min, hold at 98% B to 12 min, return to 99% A/1% B at 12.01 min, and maintain until 15 min. The samples were analyzed using a Waters Xevo G2-XS QToF LC-MS interfaced to a Waters ACQUITY UPLC system. The MS settings were as follows: electrospray ionization in negative-ion mode, capillary voltage of 2.00 kV, source temperature of 100°C, desolvation temperature of 350°C, desolvation nitrogen gas flow rate of 600 liters/hour, cone voltage of 35 V, and mass range of m/z 50 to 1500 with spectra accumulated at 0.1 s per function. Three separate acquisition functions were performed to generate spectra at different collision energies (5, 25, and 60 eV) providing both nonfragmenting and fragmenting conditions. Analyses of samples by electrospray ionization in positive-ion mode were performed under the same conditions as negative-ion mode except for the collision energies (5, 20, and 40 eV). Fragmentation, formula, and abundances were analyzed with Waters MassLynx Software.
Using the above approach, we identified a species eluting at 4.65 min, detected by MS in both positive-ion mode (m/z of 217.0990) and negative-ion mode (m/z of 215.0824), exclusively present in protein samples from several different batches but not in the sample buffer. The predicted elemental compositions based on mass are C 12 H 13 N 2 O 2 (calculated mass = 217.0977 daltons) for positiveion mode and C 12 H 11 N 2 O 2 (calculated mass = 215.0824 daltons) for negative-ion mode. A thorough search in the PubChem database led to a list of candidates containing up to 200 compounds with the same M r and formula. By manually fitting the density map with these compounds, only TNCA fit the density perfectly. Synthetic TNCA dissolved in the SEC buffer was treated in the same way as the protein samples in the LC-ESI-MS experiment, and resulted in a peak detected at the same retention time and having the same mass spectrum. In the LC-ESI-MS experiment, we also noticed a minor species that eluted at 4.57 min ( fig. S10) , which was detectable only in the positive-ion mode (m/z of 215.0836) and having a predicted elemental formula of C 12 H 11 N 2 O 2 . The 2-dalton smaller M r for this related compound suggested that it was a derivative of TNCA, likely due to a double bond formation between the backbone N and a neighboring C. Because it is also likely to be a tryptophan derivative, we cannot exclude the possibility that it binds hCaSR-ECD with high affinity. This compound may also form during extraction of TNCA from the protein sample. Nevertheless, TNCA perfectly fits the electron density at 2.1 Å, and any extra double bonds in the CaSRL structure would likely be detrimental to fitting the density.
A phenylalanine replacement experiment was carried out by mixing purified hCaSR-ECD protein (0.26 mg/ml) with phenylalanine (final concentrations are 0, 50, and 150 mM, respectively). After overnight incubation at room temperature, hCaSR-ECD in each sample was repurified with Ni 2+ -NTA beads. The protein samples were adjusted to the same concentration using SEC buffer and analyzed by LC-ESI-MS.
Monitoring Mg
2+ binding to CaSR-ECD by fluorescence spectroscopy The imidazole in fractions of hCaSR-ECD eluted from the Ni 2+ -NTA column was removed by passing the protein through desalting columns in Hepes buffer [10 mM Hepes (pH 7.2)]. The Trp fluorescence spectra of hCaSR-ECD were recorded on a QM1 fluorescence spectrophotometer (Photon Technology International) in a 1-cmpathlength cell with a xenon short-arc lamp at ambient temperature. The emission between 300 and 400 nm was acquired during excitation at 282 nm. A solution containing 2 mM hCaSR-ECD in 10 mM Hepes (pH 7.2), 120 mM NaCl, and 10 mM KCl was gradually titrated by the addition of Ca 2+ prepared in the same Hepes buffer. The binding constants of Mg 2+ to CaSR-ECD were calculated by fitting the titration curve with the Hill equation. The Ca 2+ -Tb 3+ competition experiments were performed in solutions containing 35 mM Tb 3+ and 2 mM hCaSR-ECD as the starting point. MgCl 2 was added to the mixture from a 1 M stock solution while maintaining a constant Tb 3+ concentration in the solution. The Mg 2+ binding affinity of the protein was calculated by fitting normalized fluorescence intensity data using the Hill equation
where DS is the total signal change in the equation, K d is the apparent binding affinity, n is the Hill coefficient, and [M] is the free metal concentration.
TNCA and Mg 2+ binding site mutation design All of the full-length CaSR mutants were generated by site-directed mutagenesis on the basis of the sequence of the human CaSR in the pcDNA3.1(+) expression vector (provided by E. Brown). Sitedirected mutagenesis was performed using the QuikChange kit (Stratagene) according to the manufacturer's instructions. Briefly, a pair of complementary primers of 27 to 35 bases was designed for generating each mutant with the mutation placed at the middle of the primers. The template human CaSR in pcDNA3.1(+) was amplified using Pfu DNA polymerase (Stratagene) with these primers for 16 cycles in a polymerase chain reaction instrument (Techne). After digestion of the template DNA with Dpn I (New England Biolabs), the amplified mutant DNA was transformed into XL10-Gold Ultracompetent cells. All the DNA sequences were verified by Genewiz (www.genewiz.com).
Cell culture and transfection
Monolayer cultures of HEK293 cells were purchased from American Type Culture Collection (ATCC CRL-1573) and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and high glucose (4.5 g/liter) at 37°C. Wildtype CaSR or its mutants were transfected into HEK293 cells using Lipofectamine 2000 (Life Technologies) by following the manufacturer's instructions.
Immunostaining
Cells transfected with hCaSR-pcDNA3.1(+) were used in the immunostaining experiments, and this construct contained a FLAG tag between Asp 371 and Thr
372
. After 48 hours post-transfection, cells were fixed with 3.7% formaldehyde for 15 min at room temperature, followed by washing with phosphate-buffered saline (PBS) three times. Mouse anti-FLAG monoclonal antibody was diluted 500 times and incubated with cells overnight at 4°C to stain the cell-surface CaSR. The cells were subsequently washed with PBS and stained with goat anti-mouse Alexa 488-conjugated secondary antibody for 1 hour at room temperature. Nuclei were stained with 4′,6-diamidino-2-phenylindole. Fluorescence was visualized using a Zeiss LSM780 confocal microscope. (6) . Briefly, wild-type CaSR or its mutants were transiently transfected into HEK293 cells grown on coverslips and cultured for 48 hours. The cells were subsequently loaded for 15 min using 2 mM Fura-2 AM in 2 ml of physiological saline buffer (10 mM Hepes, 140 mM NaCl, 5 mM KCl, and 1.0 mM MgCl 2 ) (pH 7.4). The coverslips were mounted on a bath chamber on the stage of a Leica DM6000 fluorescence microscope. The cells were alternately illuminated with 340-or 380-nm light, and the fluorescence at an emission wavelength of 510 nm was recorded in real time as the [Ca 2+ ] o and/or [Mg 2+ ] o was increased in a stepwise manner in the presence or absence of 0.25 mM TNCA in buffer (10 mM Hepes, 155 mM NaCl, 5 mM KCl, 2 mM NaH 2 PO 4 , and 0.5 mM MgCl 2 ) (pH 7.4). The ratio of the emitted fluorescence intensities resulting (7) ] o in a population of cells were measured by fluorimetry as previously described (6) . A cell line stably expressing CaSR (5001) was seeded on 13.5 × 20-mm coverslips and cultured in DMEM. After reaching 95% confluence, cells were washed three times using loading buffer [20 mM Hepes (pH 7.4), 125 mM NaCl, 5 mM KCl, 1.25 mM CaCl 2 , 1 mM MgCl 2 , 1 mM NaH 2 PO 4 , 1% glucose, and 1% bovine serum albumin (BSA)] and subsequently incubated with 4 mM Fura-2 and 4 mM Pluronic F127 for 20 min at 37°C to enable sufficient dye loading in the same buffer. After removing the excess Fura-2, coverslips with cells were diagonally positioned in a quartz cuvette filled with 3 ml of experimental buffer (125 mM NaCl, 5 mM KCl, 0.5 mM CaCl 2 , 0.5 mM MgCl 2 , 1% glucose, and 1% BSA). Measurements of Fura-2 fluorescence at 510 nm when excited at 340 or 380 nm were performed on a QM1 fluorescence spectrophotometer (Photon Technology International ] o as the concentration of TNCA increases (table S5) .
Determination of ERK1/2 phosphorylation
The 5001 cell line stably expressing hCaSR was starved in serum-free DMEM medium supplemented with 0.2% (w/v) BSA overnight, followed by washing with Hanks' balanced salt solution (HBSS) three times and a subsequent 10-min HBSS incubation in the morning of the second day. To induce ERK1/2 phosphorylation, varying concentrations of [Mg 2+ ] o (0 to 50 mM) or [Ca 2+ ] o (0 to 30 mM) with or without 0.5 mM TNCA were added to cells and incubated for 10 min at 37°C. The cells were then lysed with Pierce radioimmunoprecipitation assay buffer (Thermo Scientific). Total protein concentration was measured using the Bio-Rad assay. Lysates containing 100 mg of total protein were loaded onto 4 to 20% gradient SDS-PAGE gels for separation. After electrophoresis, proteins on the gel were transferred to nitrocellulose membranes and were further analyzed by Western blotting. Anti-phospho-p44/42 ERK (1:1000 dilution) and anti-p44/ 42 (1:2000) polyclonal antibodies were utilized as probes to detect the phospho-ERK1/2 and total ERK1/2, respectively. A chemiluminescent detection method (AP Conjugate Substrate Kit, BioRad) was applied to detect phospho-ERK1/2 and total ERK1/2. The respective bands on Western blots were evaluated by densitometry. 
